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(54) ATM cell Scheduler 

(57) A method and apparatus for scheduling the 
transmission of a number of data streams over a com- 
mon communications lirtc, where each of the data 
streams conforms to a conesponding set of flow control 
parameters. Each of the data streams to be transmitted 
on the oommunicalions link Is slored in a conresponding 
queue. The status of each queue is n^ntained, and a 
target transmission time is calctdated for each queue. 
Signals are then generated for each queue at a time at 
least after the target trarTsmission time, and these signals 
are used to indicate to a c€)rresponding queue that it can 
transmit a cell on the link. Upon reception of a conre- 
^ncfing signal, a queue then transmits at least one cell 
onto the communications link. 
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Descrfption 

TechnicaS Field 

This invention relates to a method bp6 apparatus for 
scheduling the transmission of cells in a number of data 
streams over a common communications link. 

Description of the Prior Art 

In a packet based conrvnunicalran network which 
supports the simuftaneous flow of muHiple virtual con- 
nections (VC) through each physical communication 
link, packets or cells (cells are f ixed size packets) t^elong- 
ing to different virtual connections will be interleaved as 
they are transmitted onto the communication link. 
Whether the origin of the packets or cells is at an end- 
statk}n directly connected to a communicatfon link or 
from a switch whic^ is multiplexing multiple incoming 
linte to the same outgoing link, the scheduling of packets 
or cells onto the outgoing link must be performed in such 
a way so as to satisfy the negotiated quality of servk^ 
(QOS) of the virtue connections (VC's) to which they 
pertain. One example of the type of network descrit>ed 
above is the Asynchronous Transfer Mode (ATM) TAsyn- 
chronous Transfer Mode: Solutfon for Broadband ISDN", 
M de Prycke^. Ellis Honwood. 1991) the Intemationally 
agreed upon technique for transmission, nmJtiplexing. 
and switching in a broadband network. It uses f ixed size 
cdls as a unit of transmission. 

ATM networks are designed to support the integra- 
tion of high quality voice, video, and high speed data traf- 
fic. To the end-user, it promises to provide the ability to 
transport comection-onented and oonnectk>nless traffic 
at constant or variable bit rates. It alkyws for allocation of 
bandwidth on den^nd and intends to provide negotiated 
Quality-of-Service (QOS). To a network provider, it ena- 
bles the transport of different traffic types through the 
same network. In order for a network to meet QOS 
requirements as set by the user for a session, the net- 
work must have suffk^tent information at>out the traffk; 
characteristics of the session. This may l)e approximated 
by (but not limited to) three basic parameters: 1) average 
transmission rate, 2) peak transmission rate and 3) the 
interval over which the data n^y be transmitted at peak 
rate. As a part of the QOS contract with network, all ses- 
sfons must abkie by the traff ic parameters and not vfolate 
tfiese parameters in order for the network to guarantee 
QOS to all the users. This gives rise to a complex sched- 
uling prok>lem when many sessions are established over 
a network link, whteh requires that each session's con- 
tract with the network not be vfolaled. At the same time, 
all sessions nrust get the desired capacity from the net- 
work. This problem is fairly complex partteularly when it 
involves a large number of sessions with a wkle range 
of traffk; descriptors. The prokslem is further compounded 
with the fact that different sessfons require different QOS. 
Therefore, in case of contention, where a multiplk% of 
sessions have data to be transmitted and their irdividual 



contracts with the network will alfow them to transmit, 
sessfons requiring stricter QOS guararrtee must be given 
prkxity over other sessions. 

Traditional network scheduling algorithms ag.. 

5 Token Ring (Token FUng Access Method and Physical 
Layer Specif k:atfons, IEEE, 1985) and Ethern^ (The 
Ethernet: A Local Area Network: Data Unk Layer and 
Physical Layer Specifications. Verskxi 2.0, Digital Equip- 
ment Corporation, Intel. Xerox, 1982) have a fairly sinrple 

10 notion of traffic. These network scheduling algorithms 
are based on best effort transmission schemes, whereby 
each user may be atAe to get a fair share of the network 
bandwidth. There is no pre-negotialed traffic descr^or 
or Quality-of-Service (QOS) requirements. Users try to 

IS g^ as much of a share of the bandwidth as possitsle, and 
network scheduling algorithms distrit)iJte the bandwidth 
fairiy between them. The above scheduling algorithms 
are relatively simple and very well known. When the net- 
work provides a transntission opportunity (e.g., by 

20 means of a token In a Token Ring networi^ to a user, the 
user will transmit data tiased on a first-come first-serve 
policy. 

The FDDl Standard (ANSI Standard. "FDDI SMT. 
ANSI X3T9.5) attOTpled to introduce the basic notion of 

25 negotiated l>andwkfth. Herein the user requests band- 
wktth by means of specifying only one rate (peak rate), 
requirement and the network controls whwi that user 
may be able to transmit. There is no notion of avo'age 
rate or burst length. In all these examples of prior art, the 

30 local area networks regulate transnission opportunities 
t>ased on a simple fairness algorithm. 

Traditionally, in the wkle area network, the xj6& is 
offered a fixed rate connection as in the t^ephone net- 
wofK indufing DS hi^archy, SONET and N-ISDN ("Net- 

35 works arxl Telecommunicatfons: Design and 
Operations'^byM. R Clarck. Willey. 1991) where the skrts 
ft>r transrrtission are availaljle at every fixed time interval 
(determined a priori), and the user is able to transmit at 
that rate only. Therefore, once again, the scheduling is 

40 periodic. These kinds of networks are very poor at sup- 
porting different traffic types with variable inter-arrival 
rates, and require very simple schedulers. SirKe the links 
are partitioned irrto fixed data rate sessions, and each 
user is alk>cated a predetermined periodic time slot there 

45 is no notion of priorities amongst different users. 

ATM networi<s promise to guarantee quality of serv- 
ice based on user specified traffic descriptors. The algo- 
rithm used to determine when a cell for a single sesson 
may be trar^itted (Leaky Bucket) is specified in the 

60 ATM (ATM FORUM UNI 3.1) standards and studied in 
numerous research pubiicattons "Spacing Cells Protects 
and Enhances Utilizatkjn of ATM Network Unks" by 
Boyer. et.al.. IEEE Network Magazine Sept. 1992 Vbl. 6 
Na 5). This leal^ bucket algorithm may be used todeter- 

55 mine if a ceil is allowed to be transntitted for any single 
6essk)n at a given time. Therefore, one obvious imple- 
mentation for scheduling muttiplk:ity off sessions t>ased 
on the known art is to run the leaky txjcket algorithm at 
any time t for all tfie sessions to determine which ses- 
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sions may be scheduled for transm'tssion at that tima 
Then, cells from these sessions may be scheduled 
based on their assigned priorities. This approach has a 
scaling nnrtation in that rt can only support a Itrnted 
number of sessions. It is similar to the well kncMm potling 
algorithms (Computer Networ1<5 by A.S. Tanenbaum, 
Prentice Hall International. 1988. ppi 110-111). where 
the scheduler must process each session (that trx:ludes 
computation, memory access eta) during each cell 
transmission cyda This can be intractable when the 
nurri^er of sessions is large. This problem is particularly 
critical in a server which supports many dient connec- 
tions. 

Our invention is an event driven scheduler which 
processes a cell and corresponding queue only ofx:e for 
every cdl transmitted. Any inactive queues have no 
processing required. ITie active queues are processed 
only once for each cell. 

Summary of the Invention 

The basic motivation t>ehind this design is to reduce 
the number of operations that need to be performed in a 
cell time (the time needed to transmit a cell) to a mini- 
mum, while maintaining an accurate scheduling of cdls. 
This is achieved both through parallelism and pipelining. 
The multiple rate circular queues have several advan- 
tages: 1) Allow simple insertion of cells into queues 
based on priority, rate, and TTT. No searching through 
the queues is required since each queue slot can be 
indexed as a function of the cell TTT. 2) Enable the 
scheduling of cells with a wide range of transmission 
rates. 3) Reduce the number of queue entries that must 
t>e visited in each scheduling cyde (cell time). 

Accordingly, tfvs invention provides a method and 
apparatus for scheduling the transmission of a number 
of data streams over a common communications link 
where only one of the streams can use the link at any 
given time. The data streams must also conform to cor- 
responding flow control parameters. With this invention, 
cells from the data streams are stored in corresponding 
queues where there is one queue con-esponding to each 
data stream. The status of each queue is maintained 
where the status of each queue is at least the time when 
a cell was last transmitted from the queue and a credit 
count indicating the number of cells that may be trans- 
mitted from each queue in selected time intervals. Then, 
a target fransrrdssion time is o^luated for each queue, 
and signals are generated for each target transmission 
time at a time at least after each target transmissk)n time 
is reached. Each sigr^ is used to irxlicate that a ccrre- 
sponcfing queue can transmit a cell on link. Finally, upon 
reception of one of the signals a corresponding queue 
transmits cells stored in itself onto a conrvnunications 
link. 

In a more specific emtxxJiment of this invenlwn the 
identification of various queues are stored in the entries 
of a timing wheel according to thar relative target trans- 
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rrassion times. As the timir>g wheel rotates pacific 
queues are selected for transmission. 

Brief Description of the Drawings 

FIG.1 is the schematic of the ATM Scheduler. 

FIG.2 is the flow chart of the operations of the ATM 
Scheduler. 

F1G.3 shows the table use to store the virtual con- 
nection state. 

FIG.4 illustrate the details of timing wheels and the 
output multiplexer. 

F1Q.5 illustrate the operation of out multplexer 

Description of the Preferred Emtxxllment 

20 

The ATM scheduler of this inv&ition is illustrated in 
FIG.1. Each virtual connection (VCQ is assigned a 
unique queue ID (QID), which corresporxls to one of a 
miitiple of queues (Q1. Q2, i.., Qn) in memory 4. Asso- 

25 dated witii each QID is tiie negotiated quality of servk^e 
{OOS) f tow control parameters for the VCI. V\flien a new 
cell arrives (path a) (in 2 of FIG. 1 ) the Virtual Connection 
Identifier (VCQ, kJentifying a virtual connection VCI, is 
passed (path b) to the Menrtory Management Unit (MMU) 

30 8, and the Virtual Connection Activator (VCA) 6 
descrbed bdow. The MMU places the cell in memory 4 
and updates the corresponding Virtual Connection 
queue pointers in the MMU (confrol on path f arvl data 
on path c) for focating the corresponding Qi of a given 

35 VCI. The VCA checks to see if the queue corresponding 
to a VC is active or inactive k3y checking the queue length 
(QL). which is the number of c^ls in the queue, in the 
VC Information taWe 7. If QL > 0 tine VC is already active 
(meaning a cell is currently scheduled for transmsssbn), 

40 QL for the con-esponding queue is Incremented. If a 
queue for a VCI has to t)e activated, then QL is incre- 
mented, and a Target Transmission Time (TTT) (see 
t^ow) is calculated lor the incoming cell . TTTs are deter- 
mined using some variation of the leaky bucket algo- 

45 rithm. whfoh insures that the negotiated QOS and peak 
rate are enfaced. For explanation of term: "maximum 
credit", for example, let a VC be characterized by a mean 
rate (Rf^, a peak rate (RP), and a maximum credit (Mc). 
The mean rate is specified in terms off the mean time 

60 b^een the transmission of consecutive cells. The peak 
rate is specified in terms of the minimum time altowed 
between the transinssion of consecutive cells. At any 
given time, Credt (c) is a measure off the nunrAjer of con- 
secutive cells that may t>e transmitted ona VC at its peak 

55 rate. BP. The maximum value of c (MC) is stored in the 
VC information table 7 at 34. The TTT is cafoulated 
based on the ffow control parameters and the Last Cell 
Transmtssfon Time (LCTT) for a virtual connection listed 
in the VC Information table (FIG. 3). All the f ieWs of the 
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table are descrftjed herein. The Curerrt Transmission 
Time (CTT) is the current value of the transmission ref- 
erence dock. This could, for exanple, be done as fol- 
lows: 

1 . If CTT-LCTT >= RM the cell is schechjied now, that 
is (TTToCTT). where CTT is the current time: 

2. If c>= 1 and CTT-LCTT >= RP CTT-LCTT < RM 
the cell is scheduled now, 

3. If c>= 1 and CTT-LCTT < RP CTT-LCTT < RM 
the cell is scheduled at the peak rate. 
{TTT=LCTT+RP), 

4. If c < 1 and CTT-LCTT < RP CTT-LCTT < RM the 
cell is scheduled at the mean rate. 
(TTT=LCTT+RM). 

In the Cell Scheduling Unit (CSU) 9. a cell is sched- 
uled for transmission at a future time. To explain how this 
is done we will first desaft>e the CSU. A detailed block 
diagram of the CSU is illustrated in FIG. 4. The CSU com- 
prises n banks otcircutarqueues, B-1 through B-n in FIG. 
4, where n is the number of priorities supported. Witf^n 
each bank there are up to m circular queues Wp,r crim- 
ing Wheels), each vvheel corresponding to a prk>rlty p 
and wheel rate r The differ^ wheel rates are used to 
support different VC transmission requirements. For 
example, wheel rate 1 may shift at a rate of one slot per 
cell lime (r1 =1), wheel rate 2 may shift at one slot per 
10 ceil times (r2 = 0.1), rate 3 may shift at one slot per 
1 00 cell times (rS = 0.01 ), and so on. Iff the common com- 
munk;ations link bandwidth is B cells per second, arxJ 
each ring contains 1 00 slots or entries, then timing wheel 
at rate 1 will support virti^ connection (VC) rates from 
B to B/100 cells per second, and timing wheel at rate 2 
will support VC rates from B/1 0 to B/1000 cells per sec- 
ond, and timing wheel at rate 3 will support VC rates from 
B/100 to B/1 0000 cells per second, and so on. 

A prkirity value (p) is asagned to each cell based on 
the negotiated QOS parameters for a virtual connectk>n. 
Awheel rate (r) is assigned to each cell tsased on its TTT 
by VCA. The appropriate wheel rate (r) is chosen as the 
smallest value of r\ such that 1/ri <= TTT - CTT < l/iri-i-1 . 
The QID, TTT priority (p), and wheel rate (r) are passed 
to the CSU through path d. 

The placement of the QID identifying one of Q1 
through Qn) for a cell into the timing wheels is straight- 
forward. The associated prkxity CP) and timing wheel rate 
(0 are used to select the appropriate timing wheel Wp.r 
where r varies between 1 and m in FIG 4 and p varies 
between 1 and n in FIG 4, The associated TTT is used 
to insert the cell QID into a specific slot in the ring, at 
di^lacement OTT-CTQ/r from the current position 
where CTT is the current transmission time. If cells for 
nrujftipla QlDs happen to have the same TTT, multiple 
cells may t>e queued into the same wheel skxt through a 
linked list. 



Initially, the cunent positfon of a timir^g v^eel corre- 
sponds to the cunent transmission time (CTT). This cur- 
rent posftk>n is updated based on the folkswing : 1 ) if there 
are scheduled queues at the current position, the current 

5 position is advarKed only after all the QIDs at the currertt 
positton have l>een serviced. 2) if the current position has 
no QIDs to be serviced, the cunent positfon is advarx:ed 
until either a position conesporx^ing to the CTT is 
reached, or a r)on-enrpty position is reached. 

10 The wheels are implemented by a block off tocations 
in a merrtory. The data in the wheel does actually move, 
txit the wheels rotate by the means of incrementing a 
counter pointing to the a position in the wheel. 

The queues in memcKy 4 pointed tjy the current posi- 

75 tion of wheels are serviced in order of wheel priority and 
wheel rate. For exanple, in FIG. 4 , Wl.l is sennced 
before W1,2 and Wn.m is serviced last Output multi- 
plexer 50 examines each wheel Wp.r k>efore selecting a 
queue QID on output for transmission. 

20 The CTT is incremented after a cell is transmitted, 
or the time to transmit a angle cell at the link speed is 
elapsed. All cells in a higher prfority wheel with a TTT <= 
CTT are serviced before the next prkKity queue is exam- 
ined. This can result in some i'rtto', but this will rx>t accu- 

25 mulate if the VC allocatfon has been p>erfornried property 
The selector 51. in FIG. 4 is used to select one of 
tiie timing wheels. The selection control 52 identifies a 
wheel for transnrvssion of a c^l at current time 53 by first 
selecting all thetiming wheels 61 in FIG. 5 that have cells 

30 scheduled for transnussfon at current time. Among them, 
the highest priority wheel is sheeted first 62. If multiple 
wheels with the same priority are eligible with above cri- 
teria, the wheels with highest wheel rate is selected first 
63. Once a wheel is selected, all the QIDs at the cunent 

35 positkwiof the wheel are serviced (e.g., in first-come-first 
served order) 64. A bound can be placed on the number 
of consecutive cells transmitted from a single priority 
queue to prevent starvation of kswer priority queues. This 
process is repeated. 

40 Once a wheel is selected, a Q 1 D at the cunent wheel 
positkKi is passed to the Memory Management Unit 
(MMU) (path e) whk;h pulls tiie cell from the head of the 
queue (Qi) out of memory and updates the queue state. 
The cell is sent out for transmission (path g) and onto a 

45 oommunfoation link The QID is also passed to tiie VCA 
(patii e) in order for the next cell for tiiat VCI to t)e sched- 
uled as cfiscussed earlier. The VCA will decrement the 
appropriate VC queue length (QL), update the VC Infor- 
mation table (FIG.3). and initiate a new cell schedule if 

60 the length is greater ttian zero. For example, update tiie 
credit count: 

1 . c=c-1 +(CTT-LCTT)/RM, where CTT is the cunent 
transmission time, 

55 

2. LCTT=CTT 

The QID is removed from the cunent wheel position 
after a cell transmission from the queue pointed by that 
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QID. and the process is repeated until all cells scheduled 
at the current vvheel posrticxi are transmitted. 

The different fields of the table shorn in FIG. 3 are 
as follows. T?ie VCI. 31. stores ATM virtual path (12-txt) 
and virtual connection (1 6-bit) identif iers as descnt>ed in 
ATM Forum UNI 3.1 document ptiilished by the ATM 
Fomm. The QID field. 32. is 164>ct allowing to 64K 
queues. The QU 33. field is 16-bit allowing uP to 64K 
cells in eachqueua Therefore, eachqueue maybe hold- 
ing in excess of SMbytes of data for each connection. 
The flew parameters. 34. include peak (RP) and average 
rate (RM). represented using 1 6-bit, and maximum credit 
field is 1 0-bit. This allows the rates between 8Kbps (conv 
pressed voice) to SONET OC3 rates of 155Mbps in the 
64K st^ and the maximum burst length up to 1023 
(lObit). The credit field, 35. is 10-bit The priority field, 

36. is 4-bfl allowing 16 different priority levels and LCTT 

37, (last cell transmisdon time) is 32-bit value and is 
counted in cell transmission time as a units. For ATM data 
rates of 155Mbps. the unit of time for last cell transnas- 
sion time will be approximately 2.6 microseconds which 
is also the time unit used for TTT and CTT 

Shown in FIQ. 2 is the flow diagram for the overall 
operation of the asynchronous transfer nrxxle (ATfA) 
scheduler. FIG. 2A descrbes the arrival a cell and Hs 
storage in the memory. Upon arrival (FIQ. 2A) of a cell 
at the scheduler (Box 20), it is stored in one of the queues 
off memory 4 (Box 23). and the queue l^igth (QL) in the 
virtual connection information tatale 7 is incremented by 
1 (Box21).Althe same time the virtual circuit connection 
ID of the cell is passed to the virtual connection activator 
6(rfFIQ1 (Box22). 

FIG. 2B describes the scheduling of transmission of 
the cell from the queues of memory 4 onto a common 
communication link g. The scheduling processes are 
implemented by the VGA. A virtual connection identifier 
(VCO is used to index the virtual connection information 
table 7 to deterntine whether or not the connection is 
active (Box 24). which means that there is a cell sched- 
uled for transrnssion for the virtual connection. If there 
are cells to be transrratted. then the queue length (QL) 
is greater than 0: otherwise, the virtual connection is said 
to be inactive or QL o O. If the virtual connection Is inac- 
tive, then no further action is necessary (Box 24). If the 
virtual connection is active 1(QL gt 0):d.. then a target 
transmission time is evaluated for the next cell of the vir- 
tual connection (Box 25). This target transmission time 
is then used to place an entry in a timing wheel (Box 26), 
where the position of this entry on the tinring wheel cor- 
responds to the target transmission time. That is, con- 
sider for example, the numt)ers on the face of a dock and 
the position on the face of the clock where the entry 
should be stored. For example, if target transmissfon 
time 2 were greater tfian target transmission ti me 1 , then 
the entry con-esporxJing to target transmission time 2 
would have to be in a position that is in a dodcwise direc- 
tion from the entry for target transmission time 1. For 
example, if target transmission time 2 is at the 4 o'ckxd^ 
position, then target transnission time 1 could t>e at 3 



o*clocK but it coukJ not be in any position dockwise from 
4 o*dock (Box 26). The position of each entry thus cor- 
responds to an at>solute time on the timing wheel which 
rotates at a speed corresporxJing to multiple of a ceil 
5 trar^mission time. The cell transmission time is the time 
to transmit a cell at the link transmission rate. When the 
currerrt transmission time matches the time corresporxJ- 
ing to a cell entry, the cell is due for transmission (Box 

27) . The entry, which is the VCI of the cell, is used to 
10 seled which queue of queues. IQ sub 1 :ef. through ^.Q 

sub N:e*. is to be serviced. At the same time, the cell Is 
renrK>ved from the queue, and QL is decremented (Boa 

28) . and the credit count referred to above, is updated 
in the virtual drcuit infornration table 7 (Box 29). This 

75 process then repeats itself by again checking rf the 
queue length (QL) is greater tten 0. The rotation of the 
timing wheel oouW be compared to the face of a dock 
rotating with time instesKl of the hands. When, for exam- 
ple, the 3 on the face of the clock rotates to a certain 

20 point the queue indicated in the entry at the 3 o'dock 
position would t>e scheduled to transmit a cell. 

The ATM scheduler is implemented using CMOS 
technology on a single VLSI chip and supports data rates 
up to 155Mbps. The components 6. 8. arxJ 9 are imple- 

25 mented on the chip while the CMOS DRAM external to 
the chip is used to implement memory 4. The corrpo- 
nents 6, 8. and 9 are described using VHDLspecification 
language and are synthesized into VLSI design using 
industry standard synthesis tools. 

30 

Clalnns 

1 . A method of scheduling the transmission of a plural- 
ity of data streams over a common communications 

35 linK where only one of said data streams can trans- 
mil on said li nk at any given time, where each of said 
data streams must conform to corresponding flow 
control parameters which control the niOTiber of cells 
that can be transmitted, said method comprising the 

40 steps of: 

a. storing cells from each of said data streams 
in a corresponding queue, where there is one 
queue corresponding to each of said data 

45 streams; 

b. maintaining the status of each of said queues 
in a memory, said status being at least a time 
when a cell was last transmitted from said each 

60 queue and a credit count indcating a number of 

cells that may be transmitted from said each 
queue in selected time interval; 

c. evaluating a target transmission time for said 
55 each queue having cells to trartsrrvt on said link. 

each said tEirget transmisskxi time k>eing 
dependent on said status of said each queue; 
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d. generating a signaJ for each corresponding 
said target transnnission time at least after said 
each target transmission time is reached, where 
each said signal indicates that a corresporxSng 
queue should transmit a cell on said link; and 5 

e transmitting at least one cell from a corre- 
sponding queue upon reception of one of said 
signals by sakJ corresponding queue. 

10 

A method of scheduling the transmission of a plural- 
ity of data streams over a common communications 
linK where only one of said data streams can trans- 
mit on said link at any giv^ time, where each of sakj 
data streams must conform to con-esponding flow is 
control parameters which control the number of cells 
that can be transmitted, said method comprising the 
steps of: 

a. storing cells from each of said data streams 20 
in a corresponding queue, where there is one 
queue corresporxling to each data stream; 

b. maintaining the status of each of said queues 

in a memory, said status being at least a time 2s 
when a cell was last transmitted from said each 
queue and a credit count indk:ating a number of 
cells that ray be tranOTitted from said each 
queue in a selected time interval; 

30 

c. evaluating a target transmission time for said 
each queue having cells to transmit on said li nK 
each said target transmission time being 
dependent on said status of said each queue; 

35 

d. generating signals, each signal indicating that 
a corresponding one of sakJ queues sfXHJId 
transnnt a cell on said link, each of said signals 
being generated at a time which is based upon 

a corresponding said target transnvssion time. 40 
where any first of said signals must be gener- 
ated belbre any second of said signals if said 
target transmission time for said first signal is 
before said target transmission time for said 
second signal; and ^ 

e. transmitting at lease one cell from a corre- 
sponding queue upon reception of one of said 
signals by said corresponding queue. 

60 

An apparatus for scheduling the transmission of a 
plurality of data streams over a common communi- 
cations link, where only one of said data streams can 
transmit on said link at any given time, where each 
of saki data streams must conform to con-esporxJing ss 
flow corrtrol paramet^s which control the number of 
cells that can be transmitted, said apparatus com- 
prising: 



a. a memory means for storing cells from each 
of said data streams in a corresponcf ng queue, 
where there is one queue corresponding to 
each data stream; 

b. a first device for maintaining the status of 
each of sakJ queues in a memory. sakJ status 
being at least a time when a cell was last trans- 
mitted from said each queue and a credit count 
incficating a number of cells that may be trans- 
mitted from said each queue in selected time 
interval; 

c. a second device for evaluating a target trans- 
missit»i time for said each queue having cells to 
transmit on said link, each said target transrras- 
sk>n time being deperident on said status of said 
each queue; 

d. a tHrd devk:e for generating a signal for each 
corresponding said target transmission time at 
least after said each target tnansmisston time is 
reached, where each said signal incficates that 
a corresponding queue should transmit a cell on 
said link; and 

e. a fourth device for transmitting at least one 
cell from a corresponding queue upon reception 
of one of said signals by said corresponding 
queue. 

4. A switching node for transmitting a plurality of data 
streams over a common communications link, 
where only one of said data streams can transmit on 
said link at any given time, where each of said data 
streams must conform to corresponding flow control 
parameters whk:h control the numk>er of cells that 
can be transmitted, said switching node comprising: 

a. a memory for storing cells from each of said 
data streams in a corresponding queue, where 
there is one queue corresponding to each data 
stream; 

b. a first device for maintaining the status of 
each of said queues in a memory, said status 
being at least a time when a cell was last trans- 
mitted from said each queue and a credit count 
indcating a numt>er of cells that may be trans- 
mitted from said each queue in selected time 
interval; 

c. a second device for evaluating a target trans- 
mission time for said each queue having cells to 
transmit on said linK each said target transnrtis- 
sfon time t>eing dependent on said status of said 
each queue; 
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d. a third device for generati ng signals, each sig- 
nal indicating that a oon-esponding one of said 
queues should transmit a cell on said link, each 
of said signals being generated at a time which 
is based upon a oonesponding said taiget 
transmission time, where any first of said sig- 
nals must be generated for any second of said 
signals if said target transmission time tor said 
first signal is before said target transmission 
time for said seoorxJ signal: arxil 

e. a fourth detnce for transmitting at least one 
cell from a corresponding queue upon reception 
of one of said signals t>y said conesponding 
queue. 

A method of scheduling the transmission of a plural- 
rty of data streams over a common communications 
link, where only one of said data streams can trans- 
mit on said link at any given time, where each of said 
data streams must corrform to corresponding fk3w 
control parameters which control the number of eel is 
that can be transmitted, said method conprlsing the 
steps of: 

a. storing cells from each of eaid data streams 
in a conesponding queue, where there is one 
queue corresponding to each data stream; 



10 



15 



20 



25 



before said target transmission time for saki 
second signal; and 

f. transmrtting at least one cell from a corre- 
sponding queue upon reception d one of said 
signals by sakl corresponding queue. 

6. A method as recited in claim 5. wherein said timing 
wheel conrprises: 

a a circular array of references to saki queues 
so that saki cells are scheduled for transmission 
and where each positkxi in the array represents 
the time of transmission corresponding to one 
of said target transmissk>n times for said 
queues; and 

b. a pointer for pointing to a position of sakl 
array, sad pointer being perkxiically updated in 
accordance with a data rate supported by sakJ 
drcular array. 

7. A method as recited in claim 5 or 6. wherein sakJ 
&itry are stored in a plurality of timing wheels whk:h 
each of sakl timing wheels corresponding to a prfor- 
rty dass at a specified data rate. 



b. maintaining the status of each of saki queues so 
in a memory, sakl status being at least a time 
when a cell was last transmitted from saki each 
queue and a credit count indk:ating a number of 
cells that may t>e transmitted from sakl each 
queue in selected time interval; 35 

c. evaluating a target transnusskxi time for sakl 
each queue having cells to transnvt on sakJ link, 
each sakJ target transmissfon time being 
d^endent on said status of saki each queue, 40 
wherein a plurality of target transmission times 
are generated; 

d. storing an entry of in a predetermined posi- 
tion of a timing wheel, said position being deter- 4s 
rrtined by sakl target transmissfon time, sakl 
entry dentifying one of sad queues, sad timing 
wheel indkiating when sad target transmissfon 
times of sad queues have become current; 

60 

e. generating signals, each signal indicating that 
a oorrespording one of sad queues shoud 
transmit a cell on sad link, each of sad signals 
being generated at a time which is based upon 

a oorrespording one of sad target transmissfon ss 
limes, where any first of sad signals must be 
generated for any second of sad signals if sad 
target transmission time for sad frst signal is 
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